Tumor necrosis factor (TNF) is a protein hormone implicated in the development of septic shock and other pathologic states.
Introduction
Tumor necrosis factor (TNF)' mediates diverse biological responses, including wasting in cancer (1) (2) (3) and shock during endotoxemia (4, 5) . Intravenous administration of endotoxin to human volunteers causes a surge in serum TNF concentration, which is followed by elevations in heart rate, temperature, cortisol, and epinephrine (6) . Administration ofTNF to experimental animals mimics sepsis and multiorgan system failure (4) . Apart from these studies, the involvement of TNF in disease in vivo has largely been investigated through the use of serum TNF assays (7-1 1 ), or through passive immunization experiments in which inhibition of specific effects of TNF are examined (5, (12) (13) (14) (15) (16) (17) (18) (19) (20) .
Direct demonstration ofTNF production by specific tissues has been more difficult. Since TNF biosynthesis is largely controlled at a translational level (21), detection of TNF mRNA in tissues may not indicate that synthesis of the protein has occurred. Because TNF is efficiently secreted from macrophages, immunocytochemical detection of the protein within these cells is generally difficult or impossible. These problems have caused a reliance upon serum TNF assays; however, it may be assumed that some or all of the TNF that is secreted may never reach the systemic circulation.
A typical problem in the detection of TNF biosynthesis in vivo concerns the islets of Langerhans and the potential role played by TNF in the pathogenesis of type I diabetes mellitus. It has been determined that TNF potentiates IL-1-induced pancreatic islet cell toxicity in vitro (22) . Nonetheless, it is entirely unknown whether TNF is produced by islets in vivo, and whether such biosynthesis may be important in the development of insulitis preceding clinical diabetes.
To address problems like this one, we have developed transgenic mice bearing a reporter construct in which a chloramphenicol acetyltransferase (CAT) coding sequence is flanked by the mouse TNF promoter, 5'-untranslated region, and 3'-untranslated region (23) . This reporter construct mimicks the behavior of the authentic TNF gene in vitro, but yields a pro--tein product (CAT) that is stable, nonsecreted, and that may be assayed with great sensitivity. Previously, studies on mice bearing the CATTNF reporter have revealed the constitutive production of TNF by the thymus, implying a role for this cytokine in normal immunologic function or development (24). In this study, we describe the pattern of CAT biosynthesis in individual tissues following administration of endotoxin.
Methods
Animals. Transgenic mice bearing the CATTNF reporter construct were produced as previously described (24) , and maintained in an isolated animal colony at our institution. In this study, heterozygous progeny from a transgenic founder male and normal BALB/c females (Sasco, Omaha, NE) were used; animals were 8-12 wk of age at the time of investigation. Adult BALB/c females (8-12 wk) were used for experiments on TNF production in vitro, except for experiments using cardiac myocytes in which l-d-old BALB/c pups were used. Adult WKY rats (Harlan Sprague Dawley, Inc., Indianapolis, IN) were used for the isolation of renal glomeruli and for the separation of pancreatic islets and acini.
CA T assay. The thin layer chromatography procedure of Gorman et al. (25) was used to measure CAT activity in cell lysates.
Induction of CAT biosynthesis in vivo. Heterozygous transgenics were injected intraperitoneally with 200 jg of LPS (E. coli strain 0127:B8; Difco Laboratories, Inc., Detroit, MI). After the specified time, the animals were killed, their organs were incised and rinsed in saline, and then individually homogenized in a solution containing 1 ml of0.3 M NaCl, 0.03 M Na3 citrate, and 0.4 M tris pH 7.4 (homogenization buffer). Homogenates were then frozen by placing them on dry ice for 10 min, and then thawed at room temperature. After centrifugation for 10 min at 16,000 g, supernatant protein was quantitated and diluted to a concentration of 1 mg/ml in homogenization buffer. Samples were then heated to 65°C for 5 min, centrifuged as before, and supernatants were collected. CAT assays were performed using 100 ul ofthe supernatant so that each sample was derived from a homogenate containing 100 jig ofprotein, except for samples containing the thymus or uterus and fallopian tubes, for which 20 jig of protein was contained in the homogenate.
Pancreas. 18 h after intraperitoneal challenge with LPS (200 jig), pancreatic islets and acini were isolated from four transgenic mice as previously described (26) . After separation, islets and acini were gently resuspended in 200 lil of homogenization buffer and placed on dry ice for 10 min. CAT assays were performed on samples derived from homogenates containing 20 jig of protein.
Production of TNF by organs in vitro. 8-wk-old BALB/c females were injected with LPS (200 ,ug i.p.). After 30 min, animals were killed by CO2 narcosis, and organs were excised. Whole single organs (except for liver, in which case only the left lobe was used) were minced in 2 ml of DME, then incubated with LPS (1 ,ug/ml) for 4 h at 37°C. Control organs were not exposed to LPS either in vivo or in vitro. Medium was then harvested and assayed for TNF activity as previously described (27) . Cytotoxicity was assessed by staining the residual cells with crystal violet, and interpreted with reference to a standard preparation of recombinant human TNF. Cytotoxicity was neutralized in each case to assure specificity by preincubation with a TNF receptor-IgG chimeric protein as previously described (28) .
Kidney. Because procedures for isolation ofhighly purified glomeruli from the rat have previously been described (29) , two WKY rats were killed and their kidneys were removed. Glomeruli, essentially devoid oftubular contaminants, were isolated and then incubated for 4 h in DME containing 5% FCS (Gibco Laboratories, Grand Island, NY) with or without LPS (1 jg/ml). Medium was then harvested and assayed for TNF as described above.
Pancreas. Because cannulation of the common bile duct is accomplished more readily in rats than in mice, normal adult WKY rats were used for the isolation of islets to be assayed for TNF secretion. Pancreatic islets and acini were isolated from two rats, washed twice in DME, then incubated for 4 h in DME containing 5% FCS, with or without LPS (1 Alg/ml). Medium was then harvested and assayed for TNF as described above.
Heart. Cardiac cells were isolated by a modification of an earlier protocol (30) . Briefly, the heart was removed from a newborn mouse, incised, and rinsed thoroughly in cold Hanks' balanced salt solution (Gibco). The myocardium was finely minced and allowed to incubate in trypsin (0.05%)-EDTA (Gibco) at 37°C for 10 min, and then centrifuged for 5 min at 800 g. The incubation was repeated until no myocardium remained visible at a macroscopic level. The preparation was then washed twice in DME containing 10% FCS, divided in half, and incubated for 12 h at 37°C. Penicillin and streptomycin solution (Gibco) was added to a final concentration of 4%. Following incubation, medium was removed, and wells were washed with prewarmed DME containing 10% FCS to remove any remaining nonadherent cells. Cells were then incubated in DME containing 10% FCS either with or without LPS (1 ,Ig/ml). After 4 h, medium was harvested and TNF was assayed as described above.
Results
Intraperitoneal administration of LPS induced tissue-specific synthesis of CAT in transgenic mice heterozygous for the CATTNF reporter. Before LPS administration, CAT is synthesized only in the thymus, reflecting biosynthesis of TNF in this organ under normal conditions (24). 4 in the kidney, uterus/fallopian tubes, lung, pancreas, heart, and spleen (Fig. 1) . To determine whether CAT production in the pancreas could be localized to either the exocrine or endocrine structures, four transgenic mice were injected intraperitoneally with endotoxin 18 h before death. The pancreases were removed, and intact islets were separated from pancreatic acini and assayed for CAT activity. Such studies revealed that CAT biosynthesis occurred primarily, if not exclusively, in the pancreatic islets (Fig. 2) . 
Discussion
Next, we wished to verify that the TNF molecule itself could be synthesized by each tissue or tissue component which was shown to synthesize CAT. After 4 h in culture with endotoxin containing medium, TNF was detected in the supernatant from cultures containing minced lung, spleen, thymus, uterus/fallopian tubes, and to a lesser extent, liver and brain (Fig. 3) . Although CAT biosynthesis occurred in kidney as noted above, TNF was not detectable in media from minced cultured preparations ofthis organ. When exogenous TNF was added to minced normal kidney, however, TNF activity rapidly disappeared from the medium, suggesting binding or inactivation of TNF (data not shown). Therefore, glomeruli were separated from other renal structures, and stimulated with LPS in vitro. TNF secreted by glomeruli was readily detectable after induction by LPS.
Although CAT activity was present in the myocardium following endotoxemia in vivo, minced heart did not secrete detectable TNF. However, when single cell suspensions ofcardiac cells were allowed to adhere to plastic and grow in primary culture, cardiac cells did secrete TNF upon exposure to LPS (Fig. 4) . Since CAT biosynthesis in the pancreas was localized to the islets, acini and islets were separated and each assayed for TNF production after LPS exposure in vitro. Fig. 5 illustrates that CAT biosynthesis by islets in vivo is reflected by TNF secretion by islets in vitro. No TNF was detected in culture medium from pancreatic acini challenged with endotoxin. Although a variety of cell types have been shown to secrete TNF under experimental conditions in vitro, the tissue origins of this protein in vivo and the relative contribution of each tissue to total TNF production have not previously been determined. Furthermore, the lack ofa sensitive tissue-specific assay for this cytokine precludes further investigation of its role in many disease models.
Other investigators have attempted to examine the tissue origins of TNF, but with only limited success. Ulich and coworkers failed to detect endotoxin-induced increases in TNF mRNA levels in spleen, liver, or small bowel despite marked elevation in serum TNF levels (31); these investigators had previously demonstrated only minor increases in TNF mRNA in kidney under such conditions (32) . These results are consistent with the fact that the biosynthesis of TNF is largely regulated translationally (21 ), and with the fact that TNF mRNA is constitutively expressed by a variety of tissues (33) . Other approaches, including immunohistochemical detection of TNF, have also been difficult because TNF is transiently synthesized following stimulation by LPS and because it is effeciently secreted from the cell of origin once synthesized (Beutler, B., unpublished data).
To address these problems and to allow more sensitive determination of TNF synthesis in various diseases, we have designed a CAT reporter flanked by the known TNF regulatory sequences to mimic TNF biosynthesis in transgenic mice in vivo. In earlier studies we demonstrated that the CATTNF reporter indicates TNF biosynthesis when stably transfected into macrophage cell lines in vitro (23) , and was silent (though potentially activable [34] ) in cell types that were unable to secrete TNF. Next, we demonstrated that transgenic mice bearing this construct manifested LPS-inducible CAT biosynthesis in cultured peritoneal macrophages. In these animals, CAT was constitutively expressed in the thymus, which led to the observation that TNF is itselfconstitutively secreted by thymocytes in vitro (24). These observations suggested that the pattern ofCAT biosynthesis observed in transgenic mice in pathological states would accurately reflect the pattern of TNF biosynthesis in vivo. During endotoxemia, CAT is synthesized in the kidney, heart, lung, pancreas, uterus/fallopian tubes, and spleen. As we have demonstrated here, each ofthese tissues has the capacity to secrete TNF itself after stimulation with endotoxin in vitro. Synthesis of TNF by the pancreas has not previously been described. Our results suggest that the pancreas participates in TNF production during sepsis, and that the islets are predominantly responsible for such synthesis. Other workers have demonstrated that TNF potentiates IL-1-mediated islet cytotoxicity in vitro (22, 35, 36) . TNF also enhances interferon-induced HLA class II expression on islet cells, and thus may contribute to autoimmune destruction of the islet (37) . TNF has further been shown to up-regulate IL-6 production by pancreatic islet cells (38) ; this IL-6 production by beta cells may itself be of pathogenetic importance, since administration of antibodies directed against IL-6 protects against the development of insulitis, beta cell destruction, and the development of diabetes (39) . Other investigators have claimed that a possible source of TNF within the islet is invading lymphocytes during insulitis, since these lymphocytes were found to contain TNF mRNA. However, translation of the TNF message was never demonstrated (40) . The transgenic model presented here suggests that TNF is produced within the islet itself in response to a systemic stimulus. This conclusion is supported by the finding that TNF is secreted by isolated normal islets in vitro. Thus, TNF biosynthesis within the islet does not depend on the presence of an inflammatory infiltrate. Whether such TNF production within the islet is involved in the pathogenesis of insulitis and whether it affects beta cell survival remain to be determined. The kidneys, which are frequently damaged during septic shock, appear to be a major source of TNF during endotoxemia. TNF originating in the kidney may gain access to the circulation and contribute to the systemic manifestations of sepsis (41) (42) . In addition, the membrane-bound 26-kD form of TNF is detectable on the surface of cultured proximal tubular cells after incubation with endotoxin (43) . TNF mRNA accumulation has also been documented in the glomeruli of mice with lupus nephritis (44) . Thus, the expression of TNF by the kidney in endotoxemic animals is consistent with previous data, suggesting that this organ is able to synthesize the protein.
During these studies, CAT biosynthesis was also detected within the myocardium during endotoxemia. The sepsis syndrome in humans is characterized by profound, reversible myocardial dysfunction that, at least in part, is mediated by circulating myocardial depressant factor(s) (45) (46) (47) (48) (49) . According to our data, TNF is synthesized within the myocardium during endotoxemia. It may thus act locally to depress myocardial function. As such, myocardial depressant factors may include not only mediators that acutely alter cardiac function, but also those that stimulate myocardial TNF synthesis and thereby indirectly depress contractility. Although the isolated cardiac cells were predominantly myocytes, it is not known whether myocytes themselves, or other cell types in the myocardium, are responsible for TNF biosynthesis. In other studies, investigators have documented elevations in serum TNF concentration following myocardial infarction (50) , and during rejection of cardiac allografts (5 1 ). TNF was also shown to stimulate CD 1 8-dependent adherence of neutrophils to isolated canine cardiac myocytes in vitro (52) . Our data suggest that TNF production occurs within the myocardium itself, where it may exacerbate contractile dysfunction or myocardial neutrophil accumulation following injury.
Tabor and co-workers have demonstrated that TNF, along with other monokines, is secreted by alveolar macrophages after endotoxin exposure (53) . It is also known that infusion of TNF into animals leads to a pulmonary syndrome similar to human adult respiratory distress syndrome (54, 55) . However, the production ofTNF by the lung displays compartmentalization; i.e., intravenous endotoxin does not stimulate intrapulmonary TNF secretion in rodents (56) or humans (57), whereas intrapulmonary endotoxin instillation causes pronounced TNF secretion by the lung. The data from transgenic animals are consistent with these findings, in that CAT activity is only minimally induced in the lung during endotoxemia. In addition to pulmonary TNF production, our model suggests that cells within the uterus/fallopian tubes also synthesize TNF. Previous work has demonstrated that isolated uterine decidua secretes TNF upon stimulation with LPS in vitro (58) . The brain and liver secrete minimally detectable quantities ofTNF in vitro after exposure to LPS. CAT activity is undetectable in these organs following administration of LPS to transgenic animals. It is likely that the lack of CAT biosynthesis during endotoxemia reflects an intact blood-brain barrier which prevents central nervous system cell activation in the absence of meningeal infection (59) (60) (61) (62) . Although Kuppfer cells may secrete relatively small quantities ofTNF in vitro and have been identified as a site of TNF production in vivo (63), our model suggests that the liver is not a principal source of TNF during endotoxemia of intraperitoneal origin. These data do not preclude the possibility that liver may be an important source of TNF production in other pathologic conditions; e.g., during hepatic allograft rejection (64) or ischemia followed by reperfusion (65, 66) .
The use of transgenic mice bearing a reporter construct for TNF biosynthesis has provided insight into the contributions of diverse tissues to TNF synthesis both in disease and in health. Such animals may now be used to examine a variety of conditions in which TNF production may be of pathogenic importance.
